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ABSTRACT 
 
Nutrient Remobilization During Development and Senescence of  
Petunia x hybrida Floral Organs 
 
Karyn L. Smith 
 
 
Fresh weight, dry weight, and macronutrient content of corollas, ovaries, and styles were 
measured during the development and senescence of several wild-type and transgenic 
Petunia x hybrida plants.  Flowers of age-related senescence exhibited growth, 
maintenance, and senescence phases during development.  Flowers terminated by 
pollination-induced senescence exhibited only growth and senescence phases.  Fresh and 
dry weight of Mitchell, V26, and SAG12-IPT corollas followed patterns previously 
observed in climacteric flowers.  SAG12-IPT, a cytokinin overproducing plant, exhibited 
a prolonged maintenance phase compared to V26.  A temporary increase in fresh weight, 
dry weight, and macronutrients of Mitchell corollas occurred at the expected onset of the 
ethylene climacteric of the flowers.  Increases in ovary fresh weight, dry weight, and 
select macronutrient contents were concomitant with decreases in these same 
measurements of corollas, although corolla remobilization contributed only small 
amounts to the growth of ovaries during age-related and pollination-induced senescence.  
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CHAPTER ONE: Introduction 
Flower longevity 
Flowers are the structures responsible for sexual reproduction, and thus play a 
crucial role in the perpetuation of the earth’s most abundant group of plants, the 
angiosperms (Rubinstein, 2000).  Angiosperms, or flowering plants, dominate the 
landscape and are believed to have existed as early as 140 million years ago (Sun et al., 
1998).  Flower size can be as small and simple as those on the Wolffia plant or as large 
and complex as those of the odoriferous Titan Arums.  The angiosperm flower is 
composed of several organs, each of which performs many different functions leading to 
successful reproduction, such as production of pollen, pollination, and the development 
and dispersal of viable seeds (Larsen et al., 1993).   
Another important function of flowers is to attract pollinators.  The initial 
attraction between flowers and their pollinators can be the result of corolla color and 
shape, whereas the end of a flower’s attraction to pollinators may be due to alterations in 
these visible cues, such as permanent flower closure, corolla color change, and withering 
or abscission of the petals.  Therefore, floral attraction may be reduced by pollination 
(van Doorn, 1997).  For example, Petunia flowers attract nocturnal moths (Brantjes, 
1973), because of their long, slender corolla tubes, heavy fragrance, and bright corolla 
colors that can easily be seen at night (Jones and Luchsinger, 1986).  The subsequent 
wilting of the corolla, following pollination, can be considered as a functional means of 
communication between the flower and the environment.  When the corolla has ceased to 
function and the pollinators are no longer attracted to this flower (Gilissen, 1977), they 
may seek out flowers that are still virgin (van Doorn, 1997).  
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   The opportunity for pollination depends on flower longevity, meaning the 
length of time that a flower remains open and functional (Ashman and Schoen, 1994).  
This length of time varies from species to species and even within cultivars of the same 
species (Stead, 1992), indicating that longevity is a genetically conserved, hereditary trait 
(Sparnaaij, 1976).  For example, morning glory flowers live less than one day, whereas 
orchids may live for several weeks or months.  Many flowers, such as orchids, have 
evolved elaborate corollas, which serve to attract pollinators and encourage reproduction.  
However, larger, more attractive petals require more resources for self-preservation 
(Ashman and Schoen, 1997).  This concept can also be understood in terms of a cost-
benefit analysis:  Flowers must remain open to facilitate ovule fertilization and pollen 
dissemination, which requires the use of costly resources, so when it becomes more 
beneficial for the plant to construct a new flower than to maintain an existing one, flower 
senescence occurs (Ashman and Schoen, 1994).   
Flower Senescence and Programmed Cell Death 
 Senescence, on the whole plant level, can be broadly defined as a culmination of 
events leading to the death of cells, tissues, or organs (Reid, 1989).  It is important, 
however, to distinguish between aging and senescence.  Aging represents a passive 
degeneration that is a consequence of an accumulation of lesions that may decrease 
resistance to stress, thereby increasing the probability of death (Nooden and Leopold, 
1988).   Senescence represents endogenously controlled degenerative processes leading 
to certain death (Leopold, 1975).  More specifically, senescence refers to those events 
that are part of a genetically based program leading to programmed cell death (PCD) 
(Rubinstein, 2000). 
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Programmed Cell Death has previously been described as a “cell suicide” process 
that can be initiated by a variety of stimuli, such as environmental cues and 
developmental signals (Xu and Hanson, 2000).  Programmed Cell Death is also part of 
the life cycle of animals, but is referred to as ‘apoptosis’ (Jacobson et al., 1997).  In 
plants, PCD is and integral part of normal plant development, including senescence, root 
cap sloughing, and the abortion of floral organs (Xu and Hanson, 2000).  Another 
important function of PCD is to remobilize as much nutrition as possible to benefit the 
whole plant and conserve costly resources (Smart, 1994).   
One type of PCD, flower senescence, is a process that can be visibly recognized 
by morphological alterations such as petal wilting and color changes.  Wilting is caused 
primarily by a loss of water content and solute concentration from the cells, thereby 
decreasing the cell’s turgor pressure (Halevy and Mayak, 1981).  This visible loss of 
turgor is the result of highly coordinated physiological and biochemical changes, such as 
the degradation of numerous cellular components, especially membranes.  Changes in 
membranes that occur throughout flower development have been studied extensively 
(Adam et al., 1983; Borochov et al., 1984; Brown et al., 1987; Brown et al., 1991; Itzhaki 
et al., 1990; Borochov, 1995).  Changes in cell membrane integrity, observed mostly in 
the very late stage of petal senescence, lead to a leakage of amino acids, sugars, K+, and 
total electrolytes from the flower petals (Borochov and Woodson, 1989; Rubinstein, 
2000).  In contrast to membrane integrity, changes in membrane composition occur 
during the earlier stage of petal senescence.  A decline in membrane polar lipids has been 
shown in Ipomoea, Tradescantia, and carnations (Beutelmann and Kende, 1977; Suttle 
and Kende, 1980; Mayak et al., 1985).   
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During flower senescence a loss of dry matter also occurs, due to the hydrolysis 
of macromolecules for respiration as well as the redistribution of carbon and nitrogen to 
other floral organs (Borochov and Woodson, 1989).  Although proteins are degraded, the 
synthesis of new proteins is necessary for petal senescence (Suttle and Kende, 1980; 
Wulster et al., 1982; Woodson and Handa, 1987). An increase in RNase activity has also 
been associated with senescence (Wilson, 1982).  It has been suggested that the role of 
RNase in senescence is to aid in the remobilization of phosphate (Wilson, 1982; Taylor et 
al., 1993).  RNase activities have been shown to increase in senescing corollas of Petunia 
inflata, an ethylene-sensitive flower, and in the petals of daylily, an ethylene-insensitive 
flower (Panavas et al., 1998; Xu and Hanson, 2000).   
Ethylene 
Petunia flowers, among others, are classified as climacteric based on the presence 
of an increased rate of ethylene production during flower senescence.  In contrast, 
flowers such as daylily are categorized as non-climacteric, because of their insensitivity 
to ethylene during flower senescence (Panavas, et al., 1998). 
Ethylene is a gaseous phytohormone that is known to regulate fruit ripening, plant 
defense responses, leaf abscission, seed germination and many other processes in plant 
growth and development (Reid, 1987).  The effect of ethylene on plants was observed in 
the mid 1800’s when illuminating gas, used as a source of light, caused damage to a 
collection of plants (Fahnestock, 1858).  It was later discovered, that ethylene was a 
component of the gas (Wehmer, 1900) and also a component of plant tissues.   
Almost a century passed before the ethylene biosynthetic pathway was elucidated: 
methionine→ S-adenosyl methionine (SAM)→ 1-aminocyclopropane-1-carboxylic acid 
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(ACC)→ ethylene (Adams and Yang, 1979).  Two enzymes are involved in the synthesis 
of ethylene:  1-aminocyclopropane-1-carboxylic acid synthase (ACS), which catalyzes 
the conversion of S-adenosyl-L-Met (SAM) into ACC, and ACC oxidase (ACO), which 
catalyzes the conversion of ACC into ethylene (Kende, 1993).   
The production of ethylene by senescing climacteric flower petals is autocatalytic, 
meaning that exposure to ethylene stimulates ethylene biosynthesis (Borochov and 
Woodson, 1989).  Autocatalytic ethylene production has been demonstrated in Petunia 
corolla senescence, with or without pollination (Hoekstra and Weges, 1986; Singh et al., 
1992).   
The climacteric rise in ethylene production is mediated through ethylene action.  
When treated with silver thiosulfate, or other ethylene action inhibitors, flowers do not 
exhibit the climacteric rise in ethylene production and do not accumulate ACC, the 
precursor to ethylene production (Veen and Kwakkenbos, 1982).  In contrast, 
exogenously applied ethylene accelerates corolla color changes and wilting of Petunia 
hybrida (Whitehead et al., 1984).   
Since the introduction of the gas chromatograph in the 1950’s, researchers have 
been able to measure ethylene in minute quantities and with more accuracy (Abeles et al., 
1992).  Many flowers have been studied extensively and have been classified as either 
ethylene-sensitive or ethylene-insensitive.  In ethylene-sensitive flowers, the sensitivity 
of the petals to ethylene generally increases with age, meaning that more mature petals 
senesce in response to lower levels of ethylene (Kende and Hanson, 1976; Mayak and 
Kofranek, 1976).  This is not the case for ethylene-insensitive flowers whose demise is 
not associated with an ethylene climacteric.  Numerous species in the Compositae, 
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Iridaceae, Liliaceae, and Umbelliferae families are ethylene-insensitive (Woltering and 
van Doorn, 1988). 
Most research has concentrated on the physiology of petal senescence in ethylene-
sensitive flowers such as carnation, orchids, petunias, morning glory, and roses (Mayak et 
al., 1972; Kende and Hanson, 1976; Woltering and van Doorn, 1988; Borochov and 
Woodson, 1989; Hew et al., 1989; Rubinstein, 2000).  However, in recent years, research 
has broadened to include ethylene-insensitive plants, such as daylily, tulips, and iris 
(Bieleski and Reid, 1992; Lay-Yee et al., 1992; Bieleski, 1995; Jones and McConchie, 
1995; Panavas et al., 1999; Rubinstein, 2000; van Doorn et al., 2003).  In daylily, the 
hormone abscisic acid (ABA) is thought to be involved in the regulation of flower 
senescence (Panavas et al., 1998).  In ethylene-sensitive flowers such as carnation, ABA 
accelerates flower senescence by increasing the endogenous production of ethylene 
(Ronen and Mayak, 1981).   
Cytokinins 
Another group of plant hormones involved in senescence, the cytokinins, were 
first discovered as a result of efforts to find factors that would stimulate plant cells to 
divide. Subsequently, cytokinins were shown to affect many other physiological and 
developmental processes such as chloroplast maturation, control of morphogenesis, 
mobilization and remobilization of nutrients, and the delay of leaf senescence (Richmond 
and Lang, 1957; Dervinis et al., 1998) and flower senescence (Chang et al., 2003).  
Experiments on cytokinin-treated leaf tissue have demonstrated that nutrients, such as 
amino acids, are preferentially transported to, and accumulate in these tissues (Mothes 
and Englebrecht, 1961).  Cytokinins prevent deterioration of organs, such as leaves, by 
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promoting protein synthesis, stimulating RNA synthesis, and causing materials to move 
to the organs in which cytokinins have come to reside. Cytokinins influence both the 
redistribution of previously absorbed and synthesized compounds, and the partitioning of 
new assimilates (Nooden and Leopold, 1988).   
Plant roots are the primary sites for cytokinin synthesis, especially the root tip as 
shown in sunflower and pea plants (Weiss and Vadia, 1965; Short and Torrey, 1972).  
Cytokinins are abundant in root xylem sap (Kende, 1965) and are transported via the 
transpiration stream (Van Staden and Davey, 1979).  Long-distance transport of 
cytokinins can also occur in the phloem (Hall and Baker, 1972; Phillips and Cleland, 
1972), but their method of transport and role in the phloem remains unclear (Nooden and 
Leopold, 1988).    
There are numerous cytokinins and cytokinin-like compounds.  Zeatin is the most 
common naturally occurring cytokinin in most plants, whereas kinetin and 
benzylaminopurine (BAP) are synthetic, the latter being an exogenously applied 
cytokinin for agricultural use.   
Several approaches have been used to study the effect of cytokinins in plant 
senescence, such as exogenous application of cytokinin solutions, measurement of 
endogenous cytokinins during senescence, and transgene-encoded cytokinin biosynthesis 
(McCabe et al., 2001).  Cytokinin concentration in roses (Mayak et al., 1972), carnation 
(Van Staden and Dimalla, 1980), and Cosmos sulfureus (Saha et al., 1985) is greatest in 
young flowers and decreases during corolla opening and development.  Exogenously 
supplied cytokinin suppresses senescence in cut carnation flowers (Van Staden et al., 
1988) and delays senescence of Petunia corollas (Taverner et al., 1999).  Cytokinins and 
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cytokinin-like compounds have been shown to delay the ethylene-climacteric in carnation 
flowers (Mor et al., 1983; Cook et al., 1985), and decrease the sensitivity of flower petals 
to ethylene (Mayak and Kofranek, 1976; Mor et al., 1983; Cook et al., 1985).   Cytokinin 
can also delay the climacteric-like rise in respiration (Halevy et al., 1966; Tetley and 
Thimann, 1974), and the massive increase in solute leakage associated with senescence 
(Smart, 1994). 
Petunia as a model 
Petunia x hybrida has proven to be an ideal model for studying ethylene-sensitive 
flower senescence because of the abundance of flowers that can be produced year-round 
in a small area.  Petunia also has ideal morphological features, such as its fairly large 
corolla and its long, single style.  The corollas are easily detached and the styles have a 
distinct stigma, all of which are excellent properties for manipulation (Lovell et al., 1987; 
Whitehead, et al., 1984).  In recent studies, petunia is proving to be a useful model for 
genetic engineering (Gubrium, et al., 2000; Chang et al., 2003; Dervinis et al., 1998).  
Comparisons are frequently made between petunia and carnation flowers, because they 
have a similar life span and their senescence is accompanied by a pronounced ethylene 
climacteric (Whitehead et al., 1984).   
Age-related vs. pollination-induced senescence 
As mentioned earlier, the terms climacteric and non-climacteric describe the 
relationship of flower senescence to the production of ethylene, or lack thereof.   To 
further distinguish between types of flower senescence two other terms are used: 
pollination-induced and age-related (unpollinated) senescence.  Pollination-induced 
senescence of a flower is triggered by pollination, whereas age-related senescence 
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describes a flower whose development is undisturbed by pollen and therefore has an 
increased flower longevity.  It is important to note that in many flowers pollination serves 
to accelerate rather than induce developmental changes already occurring in the floral 
organs during age-related senescence (O’Neill et al., 1993).  More specifically, 
pollination accelerates petal wilting and ethylene biosynthesis observed during the natural 
senescence of age-related flowers (Stead, 1992).  For example, in age-related senescence, 
petunia flowers display an increase in ethylene production by 6 days after anthesis and a 
peak by 9 days after anthesis (Whitehead et al., 1984).  However, during pollination-
induced senescence petunia flowers display a rapid increase in the production of ethylene 
within 2 hours of pollination, followed by the first signs of flower senescence within 24 
hours (Hoekstra and Weges, 1986).   
Pollination-induced senescence  
Pollination triggers a number of physiological responses in the flower, including 
ethylene synthesis (Hall and Forsyth, 1967) and alteration in metabolite source-sink 
relations in floral organs (Linskens, 1974).  These responses culminate in flower 
senescence, leading to the onset of fruit development.   
Pollination causes considerable acceleration of the visible symptoms of petal 
senescence, such as discoloration, wilting, and abscission (Halevy, 1986).  However, an 
increase in ethylene biosynthesis from the stigma is the first detectable post-pollination 
event in many species.  Pollination-induced ethylene is produced in different floral 
organs and is responsible for coordinating post-pollination developmental events such as 
ovary growth (O’Neill et al., 1993) and petal senescence (Larsen, et al., 1993).   
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Two phases of pollination-induced ethylene production have been described in 
petunia hybrida: an early phase, which reaches a maximum level 4 hours after 
pollination, and a late phase beginning at about 18 hours after pollination (Whitehead et 
al., 1984).    The early pistillate ethylene (<4 hours) has no function in the acceleration of 
corolla wilting.  It is during this early phase that the wilting stimulus travels from the 
stigma to the corolla (Gilissen and Hoekstra, 1984). 
As mentioned earlier, ethylene is synthesized by two enzymes, ACS and ACO 
(Kende, 1993).  These enzymes are encoded by multigene families in all species 
researched, thus far (Zarembinski and Theologis, 1994).  The effect of pollination on the 
expression pattern of these genes has been studied in petunia, carnation, geranium, and 
orchid.  Increased ethylene synthesis is accompanied by increased ACS and ACO gene 
expression and elevated enzyme activities following pollination of these flowers 
(Woodson et al., 1992; O’Neill et al., 1993; Tang and Woodson, 1996; Jones and 
Woodson, 1997; Bui and O’Neill, 1998). 
Interorgan signaling 
Following pollination, a major developmental switch occurs, inducing changes 
which involve interorgan signaling within the flower.  Pollination-induced signals from 
the stigma are translocated to other floral organs such as the ovary and corolla.  These 
signals initiate various developmental changes and processes including perianth 
senescence, pigmentation changes, and ovary maturation.  The identity of the transmitted 
pollination signal has not been elucidated (O’Neill et al., 1993).  
Early research on floral organ interactions showed that the stigma and style 
produced the greatest amounts of ethylene compared to all other flower parts (Hall and 
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Forsyth, 1967).  Recent work has shown that, following pollination in carnation, ethylene 
and ACC were highest initially in the stigmatic region of the style, and 24 hours after 
pollination they were highest in the base.  The production of ethylene and ACC increased 
sequentially in styles, ovaries, and petals (Jones and Woodson 1999).  In petunia, 
severing the entire style from the ovary means removing the main hormone producing 
organ and causes a delay in the wilting process during senescence.   However, removal of 
the stigma or part of the style induces wilting, indicating that the stigma and style form an 
undividable complex (Gilissen, 1976).  Similar effects of style excision on pollination-
induced corolla abscission were observed in Digitalis (Stead and Moore, 1979).  
Macronutrients 
 The beneficial effect of adding mineral elements to soils to improve plant growth 
has demonstrated in agriculture for over 2000 years.  Among scientists, however, this was 
still a matter of controversy until the last century (Taiz and Zeiger, 1991).  Now there are 
two principle criteria by which an element can be judged essential or nonessential to any 
plant:  First, an element is essential if the plant cannot complete its life cycle (form viable 
seeds) without the presence of that element.  Second, an element is essential if it forms 
part of any molecule or constituent of the plant that is itself essential in the plant (i.e. 
nitrogen in proteins and magnesium in chlorophyll).  It is now generally accepted that 
certain essential elements, called macronutrients, are necessary for plant growth and 
without them many plants would exhibit symptoms of nutrient deficiencies.  The 
accepted group of macronutrients is: H, C, O, N, K, Ca, Mg, P, and S (Epstein, 1972).    
 Nitrogen is used in greater amounts than any of the other macronutrients and 
generally constitutes the largest percentage of a plant’s mineral weight.  It is a constituent 
of amino acids and thus found in all proteins, including enzymes.  Nitrogen is generally 
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considered to be among the most mobile elements, if not the most mobile and is taken up 
by the plant in the form of nitrate, and ammonium to lesser degree (Mills and Jones, 
1996).   
Phosphorus is taken up as phosphate and incorporated into a variety of organic 
compounds including sugar phosphates, phospolipids, and nucleotides.  The main entry 
point of phosphate into assimilatory pathways occurs during the formation of ATP, the 
energy currency of the cell.  Likewise, a strand of DNA has an absolute requirement for 
phosphorus in its structure, because phosphate forms the bridging link between each 
deoxyribonucleoside, and makes up about 25% of the weight of DNA (Bieleski, 2000). 
 Potassium, an electrolyte, has an important role in osmoregulation and in water 
relations in plants.  The high mobility of potassium in transport through membranes also 
enables it to act as counterion for anions both in short- and long-distance transport and in 
ATPase-stimulated proton efflux (Marschner, 1983).  Its roles in activating enzymes 
involved in protein synthesis and carbohydrate metabolism and in influencing the 
permeability of cell membranes make it crucial for normal plant growth.   
 Calcium content in plant tissue affects many processes during growth and 
development at all stages (Ferguson and Drobak, 1988).  Although not a constituent of 
cell membranes, calcium ions are of fundamental importance for membrane permeability 
and transport.  Calcium is also involved in intra- and intercellular signaling and cell wall 
stability (Pandey, et al., 2000).  Interactions with other cations strongly influence calcium 
uptake.  For instance, cation antagonism by K, Mg, and NH4+ can substantially depress 
Ca uptake (Kirkby, 1979).  The uptake of calcium is considered to be passive, and it is 
preferentially moved in the xylem (Bangerth, 1979).  
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 As mentioned above, magnesium has influence on the availability of other cations 
such as potassium and calcium.  Magnesium is an activator of more enzymes than any 
other element, and is also a constituent of chlorophyll (Epstein, 1972).        
 Sulfur is actively taken up in the form of sulfate by plant roots.  Sulfate is 
transported to various organs through the xylem stream and used for the synthesis of 
sulfur-containing amino acids and numerous secondary sulfur metabolites (Leustek and 
Saito, 1999).  Sulfur is essential to protein synthesis as a component of the amino acids 
methionine, cysteine, and cystine.   
Nutrient uptake 
 
 The ability of plants to absorb both water and mineral nutrients from the soil is 
related to their capacity to develop an extensive root system.  Plant roots take up mineral 
nutrients in ionic form and the concentration of these solutes in plant cells is usually 
much greater than in the medium in which the roots are growing.  There are two reasons 
for this.  Firstly, the organs of plants that are not woody rely on hydrostatic pressure to 
provide their support, shape, and form.  Therefore, a high concentration of osmotically 
active solutes is needed to provide the driving force for the uptake of water to generate 
this hydrostatic pressure.  Secondly, many proteins require high concentrations of ions for 
their stability and activation (Flowers and Yeo, 1992). 
 Initial ion uptake is considered to be passive and may occur by simple diffusion 
and mass flow.  After uptake into the cortical cells, metabolic energy is required in the 
form of ATP to actively transport nutrients across the plasma membrane.  Any solute 
entering the root must move across, and possibly along, cell walls to gain access to the 
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plasma membrane.  Once in the xylem, nutrients move by an upward bulk flow driven by 
evaporative loss of water from aerial organs reducing pressure in the cell walls.   
 However, phloem transport delivers most of the nutrients required for growth and 
storage processes.  Osmotically generated pressure differences move photosynthetic 
products and inorganic nutrients (assimilates) by bulk flow from leaves (sources) to 
heterotrophic organs (sinks) through the phloem.  It is the sieve element/companion cell 
complex that forms the long-distance transport unit.  Source loading and sink unloading 
of sugars, amino and nitrogen containing compounds, and potassium largely account for 
phloem sap osmotic concentrations and pressure differences.  A symplastic component is 
characteristic of most loading and unloading pathways, but under certain circumstances 
may be interrupted by an apoplasmic step (Lalonde, et al., 2003).  Irrespective of the 
cellular pathway followed, assimilates are transported across plasma and organellar 
membranes (Patrick et al., 2001). 
Leaf senescence and nutrients 
 As in flower senescence, leaf senescence is also a type of programmed cell death 
(PCD) and is characterized by loss of chlorophyll, lipids, total protein, and RNA (Smart, 
1994; Gan and Amasino, 1997).  This senescence process is believed to be an 
evolutionarily acquired, active genetic trait that contributes to plant fitness.  For example, 
senescing leaves remobilize their nutrients to reproductive organs (Oh et al., 1997) 
allowing for greater seed production.  Nutrient salvage from older or damaged leaves has 
the adaptive value of recycling nutrients which require the use of costly energy for their 
acquisition, or which may have limited availability in the surrounding environment 
(Leopold, 1961).   
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 A significant amount of information regarding the source/sink relationship in 
plants has been generated from research on leaf senescence (Smart, 1994).  The leaf is a 
sink for nitrogen and mineral nutrients during the early stages of leaf development. 
However, once leaf senescence begins the leaf becomes a nutrient source.  K, N, P, S and 
metals are mobilized from the yellowing leaves to new growth or developing seeds 
(Himelblau and Amasino, 2001).  Long-distance transport of these nutrients from 
senescing leaf tissue to other parts of the plant is thought to take place via the phloem 
(Hill, 1980).  The efficiency with which nutrients are mobilized from senescing leaves is 
determined by its phloem accessibility and phloem mobility (Bukovac and Wittwer, 
1957).   
By comparison, the source/sink behavior during leaf senescence is not identical to 
that of petal senescence.  The leaf does switch from being an importer to an exporter, but 
this occurs early in its life while growth is still taking place (Bieleski and Redgwell, 
1985; Turgeon, 1989), and this switching process generally takes several days, not a few 
hours.  After the switch occurs, the leaf primarily spends all of its life as an exporter, 
shipping out carbohydrate produced by photosynthesis.  During export, the transport 
process is slow and does not undergo major change while moving materials out of the 
leaf.  In contrast, flowers such as Asiatic lily and daylily petals undergo a rapid change 
during the transport process, exhibiting a very rapid switch, in less than 12 h, from 
powerful sink to powerful source (Bieleski, 2000). 
Studies on floral nutrient remobilization 
Few studies have addressed changes in mineral nutrient concentrations among 
individual floral organs, instead focusing on nutrient concentrations of the whole flower 
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as shown in roses, Juglans regia L., and Lupinus havardii (Drossopoulos et al., 1996; 
Tamimi et al., 1999; Picchioni, et al., 2001).  However, recently it was demonstrated that 
remobilization of nitrogen, phosphorus, and potassium from corollas occurred before and 
during flower senescence in Petunia x hybrida, while fresh weight and ethylene 
production followed patterns expected of climacteric flowers (Verlinden, 2003).  
Following pollination of Arachnis orchid flowers, the mobilization and transport of 
soluble amino nitrogen and phosphorus was observed from the perianth to the column 
and ovary (Hew, et al., 1989).  Likewise, in Cymbidium and Cattleya flowers, sugar, 
protein, and phosphate remobilization from perianth to ovary following pollination has 
also been reported (Gessner, 1948; Hsiang, 1951; Harrison and Arditti, 1976; Oertli and 
Kohl, 1960).  
Some related studies have evaluated the source/sink relationship between 
different floral organs, specifically the petals and ovary.   For instance, as the ovary of the 
Brodiaea flower ages, it becomes a very strong sink for carbohydrate from either the stem 
or senescing petals (Han et al., 1991).  In the aforementioned study of Arachnis, it was 
observed that the gains in nitrogenous compounds and phosphorus in the column and 
ovary were much greater than the actual loss from the perianth, indicating that the source 
of the gains was from adjacent leaves or other flowers (Hew, et al., 1989).  Similar results 
were shown in carnations where petal senescence is also accompanied by growth of the 
ovary (Nichols, 1973).  Mor et al. (1980) found that removal of petals the day of 
carnation flower harvest did not reduce the accumulation of dry matter in the ovary, 
indicating the redistribution of metabolites from the senescing petals does not contribute 
substantially to ovary growth (Borochov and Woodson, 1989).  In Lilium, a hierarchic 
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nutritional correlation exists between the floral organs, with the anther representing the 
highest sink strength during pollen development, subsequently followed by increased 
sink strength in the surrounding floral organs after anther maturation (Clement et al., 
1996).  
For this research, one hypothesis was that significant amounts of nutrients are 
moved between flower organs and/or the whole plant during development and 
senescence.  Also, it was hypothesized that transgenic petunias would have different 
macronutrient remobilization patterns compared to their wild-type counterparts, and that 
pollination-induced and age-related senescence of petunias would have similar patterns of 
nutrient remobilization. 
With the hypotheses in mind, the objectives were two-fold.  The first objective 
was to measure fresh weight, dry weight, and macronutrient (C, N, P, K, Ca, Mg, and S) 
contents from bud stage through senescence in the corollas, ovaries, and styles of four 
varieties of Petunia x hybrida.  The second objective was to investigate the hormonal 
influence on changes in macronutrient contents from bud stage through senescence by 
comparing two transgenic lines of Petunia x hybrida to their wild-type counterparts. 
The results of this research will help to further elucidate the role of mineral 
nutrients during flower development and senescence.  Because the different minerals 
have specific known roles, the changes in mineral nutrient concentrations during 
senescence may indicate which enzymes or processes are decreasing and when, and point 
the way to further studies. 
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CHAPTER TWO:  Age-Related Senescence 
1.  Introduction 
 Flower aging is accompanied by typical changes in petal color, shape, fresh 
weight, and metabolic processes.  Age-related alterations in the water content of the 
flower are widely thought to be a result of changes in the ability of the membranes to 
retain solutes within the cell (Halevy and Mayak, 1979; Borochov and Woodson, 1989).  
Flower senescence in many plants, including Petunia x hybrida, is also associated with a 
significant increase in production of ethylene, which plays a regulatory role in the demise 
of petals or corollas in several plant species (Borochov and Woodson, 1989; Reid and 
Wu, 1991).   
It is important to note that even though flowers are distinguished as being either 
ethylene-sensitive or ethylene-insensitive, all higher plants produce ethylene.  Two 
systems of ethylene production are believed to operate, and can assist in distinguishing 
between ethylene sensitivity and insensitivity.  System-1 represents the basal levels of 
ethylene production detected in all plant tissue including flowers, while system-2 
represents the shift to autocatalytic ethylene production observed during petal senescence 
and fruit ripening (Yang and Hoffman, 1984; Kende, 1993; Woodson, 1994).  The switch 
from system-1 to system-2 requires the tissue to develop an increased sensitivity to 
ethylene (Whitehead, 1994).  To further understand the regulatory role of ethylene in 
flower senescence, genetic engineering has produced CaMV35Setr1-1, an ethylene 
insensitive petunia transformed using the background of wild-type Mitchell Diploid 
(Gubrium et al., 2000).    
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Cytokinins have long been known to delay senescence in detached leaves 
(Richmond and Lang, 1957) and more recently in flowers (Van Staden et al., 1988; 
Chang et al., 2003).  A transgenic petunia, SAG12-IPT was engineered to overproduce 
cytokinin, which in turn decreased the sensitivity to ethylene within the flower (Chang et 
al., 2003).  Cytokinin applied to carnation flowers delayed senescence and was associated 
with reduced ethylene biosynthesis and decreased sensitivity to ethylene (Eisinger, 1977; 
Mor et al., 1983; Cook et al., 1985).  Relatively few additional studies on the interactions 
of hormones during flower senescence exist.  Even less research on the interaction of 
hormones and nutrient remobilization during flower senescence is available.   
2.  Materials and Methods 
 Plant material.  Four varieties of Petunia x hybrida were used in this 
study:  Mitchell Diploid and V26 (may be referred to as wild-type from this point on), 
and their respective transgenic counterparts, CaMV35Setr1-1 (line 44568) and SAG12-
IPT (line I97-1-7) (All seeds were obtained from Dr. David G. Clark, University of 
Florida, Gainesville, Florida).  Seeds were sown separately in quarter flats using a peat-
lite plug mix (Sunshine Mix #5, Seba Beach, AB, Canada) and placed in a mist-bed with 
28ºC bottom heat to improve germination.  When seedlings reached approximately 1.5 
cm in height, 45 plants per variety were transplanted into flats with cell-packs using a 
peat-lite media (Sunshine Mix #1, Seba Beach, AB, Canada).  These flats were moved 
into a glasshouse with day and night temperatures set at 21 and 18°C, respectively.  Once 
the plants reached approximately 6 cm in height, they were transplanted into 25.4 cm 
pots, three plants per pot (15 pots per variety).  When adequate stem and root mass was 
produced, a final transplant was made to 11.37 L pots using the same media.  Plants were 
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grown under natural light conditions from January to May and were fertilized at every 
watering with 250 mg · L-1 nitrogen based on a 20N-4.4P-16.6K fertilizer (Peters 
Professional 20-10-20, Fogelsville, PA). 
Experimental design and tissue collection.  Plants were grown at the West 
Virginia University greenhouse in Morgantown, WV, latitude 39º 39’N and longitude 79º 
55’ W.  The greenhouse was an even-span structure composed of glass and a truss frame, 
with the ridge of the apex running east to west.   
The four petunia varieties (two wild-type and two transgenic lines) were grown 
within a randomized complete block.  To collect plant tissue for age-related senescence, 
20 flowers, chosen at random for each of the four varieties, were tagged and emasculated 
immediately preceding anthesis to avoid accidental pollination.  Everyday thereafter, 20 
additional flowers, also chosen at random, were tagged and emasculated until the flowers 
tagged on the first day were completely senesced.  The final day of senescence varied for 
each petunia variety.  All of the tagged flowers were harvested at this time and the 
corollas, ovaries, and styles were separated from each other into sets.  Fresh weights for 
each set of organs were taken immediately before placing them in paper bags.  The 
organs were subsequently dried overnight in a 75°C oven (Fisher Isotherm Incubator, 
Pittsburgh, PA).  Upon removal from the oven the following day, a dry weight 
measurement was taken for each set of organs before grinding them to a powder in a 
mortar with a pestle to pass a 40-mesh screen.  The ground tissue was then wrapped in 
wax paper, placed back into the paper bags, and stored at -80°C for later analysis.  These 
steps were repeated until three subsamples for each variety were completed.   
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Carbon, nitrogen, and sulfur analyses.  Total carbon, nitrogen, and sulfur content 
for corollas, ovaries, and styles were measured using a LECO 2000 CNS carbon-
nitrogen-sulfur analyzer (LECO Inc., MI).  For each variety and subsample, 100 mg of 
previously dried, ground, and stored tissue for each flower part was weighed and placed 
in furnace boats for analysis.  These steps were repeated until three carbon, nitrogen, and 
sulfur subsamples of each tissue and variety were completed.  
Phosphorus, potassium, calcium, and magnesium analyses.  One hundred mg of 
dried and ground tissue was weighed and placed in 50 ml beakers.  The tissue was 
subsequently digested in 5 ml of concentrated HNO3 and 3mL of 30% H2O2.  The 
reaction was allowed to come to completion overnight.  Next, the samples were filtered 
through Whatman no. 42 ashless filter paper, brought to 50 ml total volume with ddH2O, 
and stored at -80°C until further analysis.  These steps were repeated until three 
subsamples per variety were complete.  Phosphorus, calcium, and magnesium contents 
were measured on an inductively coupled plasma-optical emission spectrometer, or ICP 
(PerkinElmer P400, Norwalk, CT).  Potassium content was measured on a PerkinElmer 
AAnalyst 100 atomic absorption spectrometer equipped with an autosampler 
(PerkinElmer, Norwalk, CT).    
Statistical analyses.  Linear regressions were performed on corolla fresh weight, 
dry weight, and carbon content in order to evaluate absolute contents and rates of changes 
in these measurements (SAS software, SAS Institute, Cary, NC).    
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3. Results 
3.1. Corollas (Mitchell Diploid and CaMV35Setr1-1) 
3.11. Fresh and dry weight.  The fresh and dry weight of Mitchell corollas 
increased sharply prior to anthesis (Fig. 2.1A and B), and then remained relatively 
constant through day 6, with a temporary decrease at day 5.  The amount of dry weight 
declined by over one third following anthesis through senescence for both Mitchell and 
CaMV35Setr1-1.  After day 6, Mitchell corolla fresh weight decreased at a faster rate 
than dry weight as the flower senesced, by 0.0553 g.d-1 and 0.0026 g.d-1, respectively 
(Table 2.1).  CaMV35Setr1-1 fresh weight remained constant from anthesis through day 
12, and subsequently declined slowly until the complete collapse of the tissue (Fig. 
2.1A).  Dry weight of the corollas was similar to Mitchell corolla dry weight from 
anthesis through day 4.  However, CaMV35Setr1-1 diverged from Mitchell patterns of 
changes in dry weight by decreasing until day 9 where it remained at the same level 
through completed senescence (Fig. 2.1B).   
3.12. Carbon.  The amount of carbon in Mitchell corollas decreased by almost 
50% from anthesis through senescence, and followed a similar pattern to the observed 
losses in dry weight (Fig. 2.1C).  CaMV35Setr1-1 carbon content decreased from 
anthesis through day 9 and then remained constant through senescence, a pattern that 
similarly reflects changes in the dry weight.   
3.13. Macronutrients.  Nitrogen and sulfur content of Mitchell corollas showed 
similar changes throughout corolla development and senescence (Fig. 2.2A and 2.3C).  
Both elements increased in concentration until anthesis, and then remained constant 
through day 6, except for a temporary decrease at day 5, which is similar to changes 
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observed in corolla fresh and dry weight.  After day 6 there was a steady decrease in 
nitrogen and sulfur through senescence.  Phosphorus, magnesium, and potassium 
contents increased until two days after anthesis, subsequently showing a steady decline 
through day 5 (Fig. 2.2B and C; 2.3B).  This was again followed by an abrupt increase at 
day 6 similar to observations in fresh and dry weight, nitrogen, and sulfur content 
changes.  After this point phosphorus and magnesium decreased more dramatically than 
the content of potassium, which remained fairly constant through senescence.  Calcium 
increased nearly four-fold from anthesis through day 9, showing only a slight decrease at 
day 5 (Fig. 2.3A).   
In CaMV35S-etr1-1, changes in nitrogen and sulfur content of corollas showed 
similar patterns from anthesis through senescence, mimicking changes observed in 
Mitchell corollas (Fig. 2.2A and 2.3C). The slight decreases in content observed in 
Mitchell corollas at day 5 were not observed. However, a slight increase was observed 
from day 9 through day 11, reminiscent of the pattern at day 5 and 6 in Mitchell corollas.  
Magnesium and calcium contents increased from anthesis through senescence two and 
six-fold, respectively (Fig. 2.3A and B).  Phosphorus and potassium showed peaks in 
content at day 4 and day 12, respectively, with a slight overall increase in content from 
anthesis through senescence (Fig. 2.2B and C).             
3.2. Corollas (V26 and SAG12-IPT)  
 3.21. Fresh and dry weight.  V26 fresh and dry weights increased rapidly prior to 
anthesis at rates of 0.0719 g.d-1 and 0.0093 g.d-1, respectively, then remained relatively 
constant until day 6 (Fig. 2.4A and B; Table 2.1).  Fresh weight showed a faster decline 
than dry weight from day 6 through senescence.  Corolla fresh and dry weight of SAG12-
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IPT increased rapidly until one day after anthesis (Fig. 2.4A and B).  Fresh weight 
remained constant through day 9, except for a slight decrease at day 8.  Dry weight 
decreased steadily from day 1 through senescence.   
 3.22. Carbon.  The carbon content of both V26 and SAG12-IPT showed similar 
changes throughout corolla development to those found in their respective dry weights 
(Fig. 2.4C).  Each increased until one day after anthesis, followed by a steady decrease 
through senescence.  
 3.23. Macronutrients.  Calcium and magnesium content of V26 increased six–fold 
and two–fold, respectively, from anthesis through senescence (Fig. 2.6A and B).  
Nitrogen and sulfur content increased until day 1, followed by a slight decline through 
day 6 and a steep decline through senescence (Fig. 2.5A and 2.6C).  Potassium decreased 
slightly after anthesis and then increased abruptly after day 8 (Fig. 2.5C).  Calcium 
content of SAG12-IPT increased four-fold from anthesis through senescence, whereas 
magnesium remained relatively constant (Fig. 2.6A and B).  Nitrogen and sulfur contents 
showed similar changes throughout development with a gradual decrease in overall 
content of these respective elements from anthesis through senescence (Fig. 2.5A and 
2.6C).  Phosphorus content remained constant from anthesis through day 9, followed by a 
decrease through senescence.   
3.3. Ovaries (Mitchell Diploid and CaMV35Setr1-1)    
 3.31. Fresh and dry weight.  Mitchell fresh and dry ovary weight increased 
gradually over time (Fig. 2.7A and B).  The ovary dry weight of CaMV35Setr1-1 
remained fairly constant from anthesis through day 11, interrupted by an abrupt decrease 
at day 12, followed by a steady increase through senescence (Fig. 2.7B). 
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 3.32. Carbon.  The changes in carbon content of Mitchell ovaries had a similar 
pattern to the changes in dry weight of the ovaries (Fig. 2.7C).  The carbon content of 
CaMV35Setr1-1 ovaries remained relatively constant over time (Fig. 2.7C). 
 3.33. Macronutrients.  Nitrogen, phosphorus, calcium, magnesium, and sulfur 
contents increased over time in Mitchell ovaries (Fig. 2.8A and B; 2.9A and C).  
Potassium content increased until day 6, except for an abrupt decrease at day 5 (Fig. 
2.8C) followed by a gradual decrease through senescence.  Phosphorus, calcium, and 
magnesium contents of CaMV35Setr1-1 ovaries increased over time, except for the 
abrupt decrease that can be noted on day 12 (Fig. 2.8B; 2.9A and B).  Sulfur content 
increased until day 7, then declined through day 11 and leveled-off through senescence 
(Fig. 2.9C).  Potassium content had an overall decrease after anthesis through day 12, 
followed by a final and slight increase at day 13 (Fig. 2.8C). 
3.4. Ovaries (V26 and SAG12-IPT) 
 3.41. Fresh and dry weight.  The fresh weight of V26 ovaries increased 
throughout flower development and senescence (Fig. 2.10A).  The dry weight increased 
until day 3, and then remained relatively constant through senescence (Fig. 2.10B).  
SAG12-IPT ovary fresh weight increased from 3 days prior to anthesis through 
senescence, with a rapid increase observed at day 9 (Fig. 2.10A).  Dry weight increased 
until day 9, followed by a decrease through senescence (Fig. 2.10B). 
 3.42. Carbon.  V26 ovary carbon content followed a similar pattern to changes in 
dry weight, increasing until day 3, and subsequently leveling-off (Fig. 2.10C).  Carbon 
content of SAG12-IPT ovaries also followed a similar pattern to dry weight (Fig. 2.10C). 
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 3.43. Macronutrients.  Nitrogen and sulfur contents in V26 and SAG12-IPT 
ovaries followed similar patterns to their respective dry weights, except for SAG12-IPT 
ovary sulfur content, which continued to increase after day 9 (Fig. 2.11A and 2.12C).  
Phosphorus, calcium, and magnesium increased over time in both V26 and SAG12-IPT 
ovaries (Fig. 2.11B; 2.12A and B).   
3.5 Styles (Mitchell and CaMV35Setr1-1) 
 3.51. Fresh and dry weight.  Mitchell style fresh and dry weight increased until 
anthesis, after which the weights remained relatively constant except for the temporary 
decrease at day 5 also observed in corollas (Fig. 2.13A and B).  After day 6, fresh and dry 
weight decreased through senescence.  The dry weight of CaMV35Setr1-1 styles 
remained the same from anthesis to day 8 and increased slightly from day 8 through 
senescence (Fig. 2.13B).   
 3.52. Carbon.  The changes observed in carbon content of both Mitchell and 
CaMV35Setr1-1 styles followed the changes in their respective dry weights and were 
therefore similar to the patterns observed for corollas and ovaries (Fig. 2.13C).   
 3.53. Macronutrients.  The nitrogen content of Mitchell and CaMV35Setr1-1 
styles remained relatively constant after anthesis, mimicking patterns of their respective 
dry weights and carbon contents (Fig. 2.14A).  Phosphorus and potassium contents 
increased gradually over time in both Mitchell and CaMV35Setr1-1 (Fig. 2.14B and C).         
3.6 Styles (V26 and SAG12-IPT) 
3.61. Fresh and dry weight.  V26 and SAG12-IPT style fresh and dry weight 
increased until anthesis, then remained constant through senescence, except for V26 
which showed a noticeable decrease after day 7 (Fig. 2.16A and B).  
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 3.62. Carbon.  The carbon content in the styles of V26 and SAG12-IPT showed a 
similar pattern to their respective dry weights (Fig. 2.16C). 
3.63. Macronutrients.  Nitrogen and phosphorus contents of V26 styles remained 
relatively constant following anthesis (Fig. 2.17 and B).  Potassium, calcium, and 
magnesium contents increased gradually over time in both V26 and SAG12-IPT, with 
calcium increasing by 90% and 70%, respectively, following anthesis (Fig. 2.17C; 2.18A 
and B).  
4. Discussion  
 The results of this study indicate that development and senescence of the flowers 
of the four petunia varieties used in our experiments can be characterized by three distinct 
developmental phases: a growth phase, maintenance phase, and senescence phase.  Clear 
statistical breaks can be observed between these phases supporting the contention that 
flower development can and should be discussed in terms of these three distinct 
developmental phases (Fig. 2.1, 2.4, and 3.1; Table 2.1 and 3.1).  Therefore, any further 
discussion of fresh weight, dry weight, and macronutrient changes of corollas, ovaries, 
and styles will be related to these three phases of flower development.  The 
developmental phases of corollas will also serve as the model for discussions in styles 
and ovaries, because corollas are the best overall indicators of floral senescence due to 
their size, visible cues, and distinct ethylene climacteric.  Most research has discussed 
flower senescence in terms of arbitrary temporal divisions or differing stages of petal 
development, as in carnation (Nichols, 1966).  As far as can be ascertained, only one 
study, dealing with age-related changes in roses, characterized flower development by a 
growth and senescence phase, but not a maintenance phase (Itzhaki, et al., 1990).  The 
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necessity for the description of a maintenance phase during age-related senescence is 
supported by a floral longevity model which states that floral senescence should occur 
when the expected fitness gain per unit of floral maintenance investment diminishes to 
the point where it becomes more profitable to construct a new flower than to maintain an 
existing one (Ashman and Schoen, 1994).  In other words, there is a fixed pool of 
resources for flowering, thereby creating a trade off between the number of flowers 
constructed and the maintenance of each flower.   
The significant losses of corolla fresh and dry weight, that were observed in this 
research throughout flower senescence, have previously and extensively been 
documented in petunia, orchid, and carnation (Hew, et al., 1989; Verlinden, 2003; 
Borochov and Woodson, 1989) and are considered to be universal changes associated 
with flower senescence (Rubinstein, 2000).  The initial increase in fresh weight during 
the growth phase is the result of a large volume of solutes and water moving into the 
cells.  In contrast, the loss in fresh weight results from changes in the ability of the 
membranes to retain these solutes causing decreased water uptake, and is marked by a 
significant loss of water during the ethylene climacteric in petals (Borochov and 
Woodson, 1989).  Interestingly, in CaMV35Setr1-1, an ethylene-insensitive petunia, the 
corollas are “empty shells” when compared to the fresh weight of Mitchell, and exhibit 
less water uptake (Fig. 2.1A). 
The decrease in dry weight of corollas is thought to result from tissue respiration 
and remobilization of cellular constituents (Borochov and Woodson, 1989).  The 
similarity in the patterns of dry weight and carbon is mostly likely because carbon 
content makes up the bulk of the corolla.  Carbon losses in Mitchell, CaMV35Setr1-1, 
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and SAG12-IPT corollas occur at slightly lower rates than dry weight losses (Table 2.1), 
and have previously been demonstrated in Mitchell (Verlinden, 2003).  However, in V26, 
the rate of decline in corolla carbon content exceeds that of dry weight during the 
senescence phase.  In CaMV35Setr1-1, the declines in corolla carbon content and dry 
weight show similar patterns to those of its wild-type counterpart, and can therefore 
probably be considered independent of ethylene (Fig. 2.1B and C). 
  Nitrogen and phosphorus are highly mobile elements (Marschner, 1995).  
Studies have shown movement of these elements from flower tissue of orchid (Hew et al., 
1989) and from leaf tissue of soybean and Arabidopsis (Mauk and Nooden, 1992; 
Himelblau and Amasino, 2001).  In this study, nitrogen and phosphorus is remobilized 
from age-related corollas in V26, SAG12-IPT, and Mitchell during the senescence phase, 
and again in Mitchell during the pollination-induced senescence phase (Fig. 2.2A and B; 
2.5A and B; 3.2A and B).  Ethylene is thought to facilitate movement of inorganic and 
organic materials by increasing the permeability of cell membranes (Hanson and Kende, 
1975).  In CaMV35Setr1-1, the declines in phosphorus and nitrogen contents during the 
senescence phase are much less dramatic, indicating that the perception of ethylene may 
be necessary for the remobilization of these minerals (Fig. 2.2A and B).   
Magnesium is considered to have low mobility in the phloem (Marschner, 1983), 
and is not remobilized from leaves of peas (Marschner, 1995) and Arabidopsis 
(Himelblau and Amasino, 2001).  In contrast, magnesium remobilization from the leaves 
of soybean and wheat has been shown (Mauk and Nooden, 1992; Hocking, 1994).    In 
corollas of Mitchell, magnesium is remobilized during the senescence phase, but this is 
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not the case for V26, SAG12-IPT, and CaMV35Setr1-1 (Fig. 2.3B and 2.6B).  Therefore, 
magnesium mobility in the phloem appears to be species, or even cultivar dependent.   
Calcium is considered to be immobile in the phloem (Bukovac and Wittwer, 
1957) as shown in the senescing leaves of wheat and pea (Hocking, 1994; Marschner, 
1995).    However, despite its apparent immobility, calcium appears to be remobilized 
from soybean leaves (Mauk and Nooden, 1992).  This remobilization of calcium also 
occurs from the senescing corollas of Mitchell during pollination-induced senescence 
(Fig. 3.3A), indicating that calcium mobility may also be species or cultivar dependent.   
In SAG12-IPT, the changes in corolla fresh weight, dry weight, and macronutrient 
content are similar to the wild-type V26, except for a more prolonged maintenance phase, 
most likely due to increased cytokinin production and therefore a sustained ability to act 
as a sink, as observed in leaves (Smart, 1994).  In contrast, the fresh weight and 
macronutrient content of CaMV35Setr1-1 show very different patterns during the corolla 
maintenance and senescence phases compared to wild-type Mitchell, again, indicating 
that ethylene is most likely involved in the remobilization of nutrient content in floral 
organs.   
Interestingly, Mitchell corollas exhibit a consistent decrease in fresh weight, dry 
weight, N, P, K, Mg, and S between day 4 and day 6, immediately preceding the 
senescence phase (Fig. 2.1 and 2.3).  A similar temporary decrease can be seen in the 
styles of Mitchell, also occurring between day 4 and 6 in fresh weight, dry weight, 
carbon, and nitrogen, although the decline is less pronounced compared to corollas (Fig. 
2.13A-C and 2.14A).  The meaning of this temporary decrease is unclear and has not 
been suggested in previous studies.  However, upon closer examination this decrease can 
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be seen in one previous study (Verlinden, 2003).  Senescence is “organized 
disorganization” (Solomos, 1988) and perhaps, to remobilize materials out of senescing 
tissue, there has to be a movement of materials into the tissue, requiring an abundance of 
biological energy for its occurrence.  Although senescence is a degradative process, 
increases in protein synthesis (Woodson and Handa, 1987) and enzyme synthesis 
(Winkenbach and Matile, 1970) are necessary for petal senescence.  It has also been 
suggested that the climacteric respiratory burst is necessary to produce ATP adequate for 
sustaining these processes (Solomos, 1988).   
During normal flower development there is an increase in ovary growth and dry 
matter as shown in carnation (Nichols, 1973; Mor et al., 1980), brodiaea (Han et al., 
1991), and petunia (Fig. 2.7A and B).  In Mitchell, the ovary dry weight, by comparison, 
represents only 4-5% of the corolla dry weight, indicating that the ovary is only a small 
portion of the total flower.  The gains in elemental compounds shown in the ovary of all 
Petunia varieties were much less than the losses from the corolla, indicating that most of 
the nutrients remobilized from the corollas are moving elsewhere, back into the green 
plant.  Changes in ovary macronutrient content of CaMV35Setr1-1 are erratic, suggesting 
that ethylene has an effect on nutrient remobilization in this floral organ (Fig. 2.7 and 
2.9).   
In Mitchell styles, dry weight is 5-10% of the dry weight of corollas, by 
comparison, and thereby contributes little to the overall flower weight.  The patterns of 
fresh weight, dry weight, and carbon of Mitchell styles are similar to the corollas, with a 
temporary decline at day 5 during the maintenance phase, although this decline is less 
pronounced in styles (Fig. 2.13A and C).   
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In conclusion, results indicate that fresh and dry weight of Mitchell, V26, and 
SAG12-IPT corollas followed patterns previously observed in climacteric flowers.  A 
temporary increase in fresh weight, dry weight, and macronutrients of Mitchell corollas – 
not previously described - occurred at the expected onset of the ethylene climacteric of 
the flowers.  Cytokinin overproduction in SAG12-IPT prolonged the maintenance phase 
during age-related senescence.  Significant increases in fresh weight, dry weight, and 
selected macronutrient concentrations of ovaries were observed in all examined Petunia 
varieties.  Also, remobilization of selected macronutrients occurred during the corolla 
senescence phase of all petunia varieties in this experiment, but seemed to contribute only 
small amounts to the growth of ovaries.   
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Fig. 2.1. Changes in Fresh weight (A), Dry weight (B), and Carbon content (C)
of corollas during flower development and senescence of Mitchell (---) and
CaMV35Setr1-1 (---).
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CHAPTER THREE:  Pollination-Induced Senescence 
1.  Introduction 
 Pollination leads to the onset of fruit development and the senescence of floral 
organs that become obsolete after pollination has occurred, such as corollas and styles.  In 
many flowers, the initial response to pollination is an early increase in ethylene 
production by the stigma that is often followed by increased ethylene production from 
ovaries and petals (Jones and Woodson, 1999).  Pollination serves to accelerate ethylene 
biosynthesis and developmental changes observed during the natural senescence of age-
related flowers (Stead, 1992).  In contrast, flowers that are ethylene-insensitive do not 
exhibit pollination-induced corolla senescence (Jones and Woodson, 1997; O’Neill et al., 
1993; Wilkinson et al., 1997).   
 Pollen germinates on the stigma, but subsequent developmental responses occur 
in the ovary and perianth segments, indicating that a pollination signal must move from 
the stigma to other floral organs.  The source of this translocatable pollination signal 
remains unclear, but its presence implicates the involvement of an interorgan messenger 
of pollination (O’Neill et al., 1993).  The pollinated stigma and subsequent signal 
transduction, give rise to the induction of developmental processes within the flower 
including ovule differentiation, ovary development, corolla senescence, and the 
remobilization of nutrients from senescing structures to developing structures like the 
ovary (Stead, 1992; Larsen et al, 1993; O’Neill et al., 1993).   
2.  Materials and Methods 
 For this experiment on pollination-induced senescence, only Petunia x hybrida 
cv. Mitchell was used as plant material.  Greenhouse production, experimental design, 
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and statistical analyses were conducted using the same steps as the experiment for age-
related senescence (see Chapter 2).  However, in this experiment on pollination-induced 
senescence, the flowers were pollinated at anthesis.  Flower collections were made at 
hourly intervals following pollination (9, 24, 33, 48, 72 hr) as opposed to the daily 
intervals during age-related senescence.  Two flower bud stages, occurring prior to 
anthesis, were also collected (-24 and –48 hr).    
3. Results 
3.1. Mitchell corollas 
 3.11. Fresh and dry weight.  Corolla fresh weight increased at a rate of 0.003 g.h-1 
until pollination, and then decreased at a rate of 0.0017 g.h-1 through senescence (Fig. 
3.1A).  Dry weight increased by three-fold in the 48 hours leading up to anthesis.  After 
pollination, dry weight losses occurred at a rate of 0.00025 g.h-1 (Fig. 3.1B).   
 3.12. Carbon.  Changes in carbon content followed a similar pattern to changes in 
dry weight (Fig. 3.1C).  However, the rate at which the amount of carbon decreased 
following pollination was slower with a rate of 0.00011 g.h-1, when compared to changes 
in dry weight. 
 3.13. Macronutrients.  Phosphorus content increased by nearly 75% immediately 
following pollination through 9 hours after pollination (Fig. 3.2B).  After 9 hours, 
phosphorus declined three-fold through senescence. Patterns of changes in calcium and 
magnesium contents were similar to phosphorus, except that contents of these elements 
increased by nearly 90% from pollination through 9 hours, followed by a decrease 
through senescence of nearly 20% and 40%, respectively (Fig. 3.3A and B).  Nitrogen, 
sulfur, and potassium contents increased steadily in the hours prior to anthesis, remained 
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fairly constant until 24 hours after pollination, and were followed by a steady decrease 
through senescence (Fig. 3.2A and C; 3.3C). 
3.2. Mitchell ovaries  
 3.21. Fresh and dry weight.  Ovary fresh weight increased from pollination 
through 33 hours by 75%, followed by another 230% increase through senescence of the 
flower (Fig. 3.4A).  Dry weight increases followed a similar pattern and showed an 
increase of 65% following pollination through 33 hours after pollination, followed by a 
155% increase through completed flower senescence (Fig. 3.4B).   
 3.22. Carbon.  Ovary carbon content showed a similar pattern to dry weight 
changes and increased by nearly 300% from pollination through senescence (Fig. 3.4C). 
 3.23. Macronutrients.  All macronutrient concentrations increased from 48 hours 
prior to anthesis through completed floral senescence, although the pace increased from 
33 hours through senescence (Fig. 3.5 and 3.6).  Following pollination, sulfur, calcium, 
nitrogen, potassium, and magnesium contents increased by 160%, 240%, 280%, 380%, 
and 450% respectively (Fig. 3.5A and C; 3.6A-C).   
3.3. Mitchell styles       
 3.31. Fresh and dry weight.  Style fresh and dry weight increased until 9 hours 
after pollination, and then decreased slightly through anthesis (3.7A and B).   
 3.32. Carbon. Changes in style carbon content followed a similar pattern to 
changes in dry weight (Fig. 3.7C).  An increase in carbon content was observed until 9 
hours after pollination, subsequently decreasing slightly through senescence. 
 3.33. Macronutrients.  Potassium, calcium, and magnesium contents remained 
fairly constant following pollination, except for the abrupt decreases noted between 33 
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and 48 hours (Fig. 3.8C; 3.9A and B).  Nine hours after pollination, nitrogen content of 
styles had increased by 30%, to 0.064 g.corolla-1, where it remained relatively constant 
through completed floral senescence (Fig. 3.8A).  Phosphorus content increased for 24 
hours following pollination, then decreased by 35% through senescence (Fig. 3.8B).     
4.  Discussion   
 Pollination-induced senescence of Mitchell is distinguished by only two 
developmental phases:  growth (-48 hours to 0 hours, or anthesis) and senescence (0 
hours to 72 hours) (Table 3.1).  The maintenance phase observed in age-related 
senescence is nonexistent in pollination-induced senescence due to the effect of 
pollination on the acceleration of senescence.  
In Mitchell, the response to pollination is delayed and occurs 9-24 hours 
following pollination in corollas and styles, with corollas exhibiting significant 
remobilization of nutrients beginning at this time and continuing through senescence 
(Fig. 3.1-3.3 and 3.7-3.9).  In Petunia inflata flowers, pollination-induced ethylene 
production has been shown to occur in two peaks with the first peak at 3 hours and the 
second at 18 hours after pollination (Singh et al., 1992), suggesting that the onset of 
nutrient remobilization from corollas may be related to the onset of the second surge of 
ethylene production following pollination. 
 In Mitchell, an increase in fresh weight, dry weight, and macronutrient contents of 
ovaries is concomitant with a decrease of these same measurements in corollas (Fig. 3.1A 
and 3.4A).  The same inverse relationship has also been observed for fresh weight, dry 
weight, nitrogen, and phosphorus in the perianth and ovary of orchid (Hew et al., 1989).   
However, the decrease in macronutrient concentration from Mitchell corollas far exceeds 
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the increase in macronutrient concentrations in the ovaries, indicating that a large portion 
of corolla nutrients go back into other areas of the plant.  A similar conclusion was 
derived from a study on carnation flowers, which showed that the removal of petals the 
day of flower harvest did not reduce the accumulation of dry matter in the ovary (Mor et 
al., 1980), indicating that redistribution of metabolites from the senescing petals does not 
contribute substantially to ovary growth (Borochov and Woodson, 1989).  In Mitchell 
ovaries, the macronutrient content increases dramatically after 33 hours, coinciding with 
growth of the ovary (Fig. 3.3 and 3.6).  It is has been suggested that the increased cell 
activity in the ovary following the action of ethylene could serve as an active sink for the 
influx of materials to the ovary (Hew et al., 1989).   
It is generally accepted that calcium is an immobile element, although in soybean 
calcium is remobilized from the leaves (Mauk and Nooden, 1992).  In Mitchell, calcium 
is remobilized from the corollas 9 hours after pollination and also from styles, though at a 
slower pace (Fig. 3.3B and 3.9B), suggesting that calcium mobility is species dependent.     
The manner in which inorganic and organic materials move out of floral organs is 
unknown, but may be the result of increased permeability of cell membranes caused by 
ethylene (Hanson and Kende, 1975).    The rate at which changes in macronutrient 
content occurs is higher in pollination-induced senescence than in age-related senescence, 
hence the lack of a maintenance phase.  Indeed, further studies on changes in 
macronutrient content among floral organs are needed and will help to further elucidate 
the role of these nutrients in flower senescence.    
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Fig. 3.1. Changes in Fresh weight (A), Dry weight (B), and
Carbon content (C) of corollas during flower development
and senescence of Mitchell (---).
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Fig. 3.2. Changes in Nitrogen (A), Phosphorus (B), and
Potassium (C) content of corollas during flower development
and senescence of Mitchell (---).
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Fig. 3.3. Changes in Calcium (A), Magnesium (B), and
Sulfur (C) content of corollas during flower development
and senescence of Mitchell (---).
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Carbon content (C) of ovaries during flower development
and senescence of Mitchell (---).
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Fig. 3.7. Changes in Fresh weight (A), Dry weight (B), and
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and senescence of Mitchell (---).
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